The Cities Research Program has as its primary goal the study of the role of cities as engines of prosperity. The different lines of research currently being developed address such critical questions as the determinants of city growth and the social relations established in them, agglomeration economies as a key element for explaining the productivity of cities and their expectations of growth, the functioning of local labour markets and the design of public policies to give appropriate responses to the current problems cities face. The Research Program has been made possible thanks to support from the IEB Foundation and the UB Chair in Smart Cities (established in 2015 by the University of Barcelona). The IEB working papers represent ongoing research that is circulated to encourage discussion and has not undergone a peer review process. Any opinions expressed here are those of the author(s) and not those of IEB.
Introduction
Traditionally, European cities have been settlements with higher density and more continuous land developments than their American counterparts, and sprawl has been considered a US phenomenon. However, European cities were more compact and less sprawled in the mid 1950s than they are today. Computations based on data from Corine Land Cover project show that residential land in Europe increased from 139,000 to 157,000 square kilometers (13%) between 1990 and 2012 1 . These new land developments were more fragmented and simultaneously increased the number of residential land lots from 121,000 to 143,000 (18%). Although the percentage of undeveloped land surrounding residential land did not increase in Europe as a whole (36%), it indeed increased in Eastern Europe from 40 to 42% and in some Mediterranean At the same time, although the first highway dates back to the early twentieth century and, by the mid-1980s, some Northwestern countries had built national networks of remarkable length and achieved high levels of infrastructural density, highway construction is still ongoing in Europe: the European network increased from 44,000 to 68,000 km (46%) between 1990 and 2010.
In fact, highway construction is a priority for the European Union: the new transportation policy was approved in 2014 with a budget of e24 billion up to 2020 and it aims to encompass 90,000 km of highways and high-quality roads by 2020. To answer these three questions, in this paper I investigate the effect of highways on sprawl in European cities between 1990 and 2012. I find that a 10% increase in the stock of highways (km) causes a 0.4% growth in the residential land area, a 1.7% growth in the number of residential lots, and a 0.7% growth in the percentage of undeveloped land surrounding residential land over 20 years. At the regional level, only the effect on residential area is smaller in Northwestern cities than in Mediterranean and Eastern LUZs. I also explore the impact on population growth a la Duranton and Turner (2012) and find significant positive effects. Jointly, land and population effects show a negative effect of highways on the intensity of use of land. These results confirm that highways expand cities with more fragmented land developments surrounded by undeveloped land and reducing the overall city density.
This investigation is of interest for three reasons. First, although this is not the first attempt to study the determinants of sprawl, the literature on this topic is still scarce. Brueckner and Oueslati et al. (2015) use the density of highways at the regional and county levels, respectively. These measurements exceeds LUZ and urban core boundaries and, as a result, include additional information that might bias their results. In this paper I use the length of the highway network at the metropolitan level as my main explanatory variables. With it, I pay attention not only to commuting costs, but also to the size of the highway network. Furthermore, the above mentioned related literature assume that their transportation variables are exogenous to land development. In this paper I address endogeneity concerns relying on Instrumental Variables (IV) techniques with historical instruments built on ancient (rail)roads such as the 3rd century Roman roads, the 15th century trade routes, and the 19th century post roads (1810) and railroads (1870).
Finally, this research is important because it provides relevant evidence that was needed for Europe. European cities are interesting not only for the emergence of sprawl and the huge investments on highways, but also because of differences in household location patterns, for example, by income: richer central cities and poorer suburbs than their American counterparts (Brueckner, Thisse, and Zenou, 1999) . While most papers center their analyses on US cities, only Oueslati et al. (2015) exclusively focus on Europe and, in particular, on 282 European cities. However, they use dependent variables computed at the city level whereas most of their explanatory variables and, in particular, the transportation one are computed at the regional level.
In this paper I focus on a more representative set of 579 European cities from 29 countries, I use more recent land data (2012) and I compute all variables at the city level.
The remainder of the paper is structured as follows. In the next section, I describe the sprawl phenomenon in Europe and its cities and the highway network and other old (rail)roads. In Section 3, I review the theoretical and empirical literature. The empirical strategy is discussed in Section 4. In Sections 5, 6 and 7 I answer the three questions about the relationship between highways and sprawl. In Section 8, I analyze the effects on population growth and, by comparison, on residential density conditions. Finally I present conclusions in Section 9.
Sprawl and highways in Europe
I use the Large Urban Zone (LUZ) defined by Eurostat in the Urban Audit project as the unit of observation. As the Metropolitan Statistical Area (MSA) in the US and the Functional Urban Area (FUA) for the OECD, the LUZs are funtional urban regions defined using commuting criteria 2 .
My dataset includes 579 LUZs located in 29 European countries. Based on political, cultural and geographical reasons, I group the cities in three cateogries. First, the Mediterranean group includes 171 LUZs located in Greece, Spain, Cyprus, Southern France ('le Midi'), Italy, Malta and Portugal.
The Eastern group includes 156 LUZs located in Bulgaria, Czech Republic, East Germany (old German Democratic Republic), Estonia, Croatia, Hungary, Latvia, Poland, Romania, and Slovakia.
Finally, the 252 Northwestern LUZs are located in Austria, Belgium, Switzerland, West Germany (old Federal Replublic of Germany), Denmark, Finland, Northern France, Ireland, Iceland, Luxembourg, Latvia, The Netherlands, Norway, Sweden, and United Kingdom.
Sprawl in Europe
To measure sprawl in terms of residential land developments, I use land data from the Corine Land Cover (CLC) project. Coordinated by the European Environment Agency, the project integrates CLC databases from 27 to 39 European countries in 1990 and 2012, respectively. The CLC is produced by the majority of countries by visual interpretation of high resolution satellite imagery, using a minimun mapping unit of 25 ha for areal phenomena (5 ha for changes in land cover layers) and a minimum width of 100 m for linear phenomena 3 .
The CLC database and related GIS maps are available for years 1990, 2000, 2006 and 2012 (the latest update used in this research was released in November 2015) and classify land in 44
classes. There are 11 classes labeled as 'Artificial surface' and I jointly use them to compute 'All developed land' variables in additional descriptives in Table A.3 Panel A and in additional results 2 See http://ec.europa.eu/eurostat/statistics-explained/index.php/European_cities_-_spatial_ dimension for more details.
3 See http://land.copernicus.eu/pan-european/corine-land-cover/view for further information.
in Table D .1. Similarly, class 121 is labeled as 'Industrial and commercial units' and I use it for 'Industrial and commercial land' computations in Table A.3 Panel B and Table D European cities, and each of the three regional subsamples of LUZs. As a whole, residential land increased from 139,000 to 157,000 square kilometers in Europe between 1990 and 2012 (13%). At the city level, residential area also grew in European LUZs, being the Eastern cities the ones that experienced the highest growth both in absolute (3,082 km 2 ) and relative (25%) terms. These new residential developments were more fragmented and the number of residential lots increased from 121,000 to 143,000 (18%) in all Europe, and from 43,000 to 50,000 (17%) in all
LUZs. Similarly to area results, the 1990-2012 growth in the degree of residential fragmentation was more important in Eastern cities (3,358 lots, 31%) ( Table 1) .
Regarding the surroundings, As for the surroundings indexes that were already computed in their sample means in Table   1 , their growth rates reported in Table 2 confirm the decrease of undeveloped land in the average European city and in the average Northwestern and Mediterranean LUZs, but also the average increase of this index in Eastern cities. These important differences in the surroundings values between LUZ samples is also observed within LUZ samples, as shown by their high standard deviations. In fact, all LUZ samples also include cities that experienced an increased in the percentage of undeveloped surroundings: A third of the 579 European cities (182), that is, 40
Mediterranean, 91 Eastern, and 51 Northwestern LUZs.
In Notes: 'Area' refers to square kilometers of developed land area, 'Fragmentation' refers to the number of developed land lots, and 'Surroundings' refers to the % of undeveloped land surrounding residential land.
In 2012, the more compact cities were Liverpool (UK), Manchester (UK), Bucuresti (RO), To measure highways I use the dataset developed by Garcia-López et al. As a whole, LUZ sample computations in Tables 4 and 5 and individual computations in Table   6 show that highways (and their construction) are unevenly distribution in Europe and between its cities.
Ancient 'highways'
Tables 4, 5 and 6 also report length computations for transportation networks in Europe that were important in the past: the Roman roads, the 15th century Trade routes, the 1810 Postal roads, and the 1870 Railroads. As I elaborate in detail in the next section, the lengths of some of these old (rail)roads predict modern highways. Furthermore, the lengths of some combinations of them still affect modern patterns of residential land.
I first consider the Roman road network using the GIS map created by McCormick, Huang, Zambotti, and Lavash (2013) . The Romans were the first to built an extensive and sophisticated network of paved and crowned roads. These roads radiated from Rome and connected the different parts of the Empire, from Britain to Syria (O'Flaherty, 1996). As a whole, there were more than 100,000 km of main and secondary roads in Europe. At the city level, 7,700 km of Roman roads were built in 285 LUZs, that is, 4,000 km in 123 Mediterranean cities, 3,300 in 136
Northwestern cities, and only 400 km in 26 Eastern cities (Table 4) .
This uneven spatial distribution of Roman roads between and within LUZ samples can also be observed in the mean and standard deviation computations in Table 5 Computations in Tables 4, 5 and 6 show the smaller spatial scope of this network. Following communication and, in particular, military reasons, post roads and post stations were built in Europe and contributed to the rise of absolute monarchies during the 17th and 18th centuries. While first post roads were relatively primitive, they were improved in the last quarter of the 18th century and allowed the use of wheeled coaches and wagons for carrying letters, goods and people. According to Crew, Kleindofer, and Campbell (2008) , post stations were located every 10 to 15 miles. For the whole of Europe, there were around 8,000 post stations in 1,799 (Elias, 1982) . As a result, I estimated the total length of European post roads in 128,000 km (=8,000 stations × 10 mi/station × 1.6 km/mi) ( Table 4) .
At To compute the European and LUZ lengths, I create a digital vector map based on the online maps by Historical GIS for European Integration Studies (http://www.europa.udl.cat/hgise).
As a whole, 81,000 km of railroads were built in Europe by 1870, and 13,000 km of them in 441 LUZs. Railroad construction clearly benefitted Northwestern cities with the biggest total and average network (almost 10,000 km and 40 km, respectively), and also the highest standard deviations (Tables 4 and 5). By region, the largest 1870 railroad networks were in Barcelona (ES) (116 km) and Milano (IT) (103 km) for Mediterranean cities, Katowice (PL) (137 km) and Leipzing (DE) (116 km) for Eastern cities, and London (UK) (780 km) and Manchester (UK) (343 km) for Northwestern cities (Table 6 ).
In summary, computations reported in Tables 4 and 5 confirm that highways and old (rail)roads are important in Europe and its cities, but also show their non-homogenous spatial distribution. Additional summary statistics in Appendix Table A.1 confirm the above mentioned spatial trends.
3.
A brief literature review on urban spatial structure, residential land and sprawl
Theory
Transportation plays a crucial role in the spatial distribution of residences and firms within cities. The classical monocentric city model developed by Alonso (1964) , Mills (1967) and Muth (1969) shows that transportation (accessibility) is the main factor that determines urban land use (Duranton and Puga, 2015) . Transportation is characterized as a non-limited, radial-type infrastructure covering the whole city in the same way and therefore allowing the same access to the unique main center or CBD from any point located at the same distance from this CBD. This homogeneous and continuous spatial distribution of transportation infrastructure leads to (1) a continuous (and non-fragmented) development of land for urban uses and (2) an homogeneous reduction in land use intensity (i.e., population density) as population moves away from the CBD.
The monocentric city model also predicts that transportation improvements foster both the physical expansion of the city with new and continuous residential land developments and the increase of city population. Since the former effect is larger than the latter, transportation improvements also foster the (relative) suburbanization of population and reduce the overall city density (Duranton and Puga, 2015) . In the above mentioned works, residential land area is continuous (and non-fragmented) because the authors assume that highways and railroads can be accessed from any point of the network. On the contrary, if we assume that these infrastructures can only be accessed through their access points (highway ramps and railroad stations), population and residential land developments will locate around them (and not along the whole infrastructure). As a result, the number of residential land lots and the percentage of undeveloped surroundings also depend on the size of the transportation networks.
In summary, the theoretical literature on urban land use inspired by the monocentric model shows that transportation influences (1) the size of the city in terms of residential land, (2) the degree of fragmentation in terms of residential land lots, and (3) the degree of undeveloped surroundings.
Empirics
Despite several works document the phenomenon of sprawl in terms of land development in the Only Oueslati et al. (2015) study the impact of transportation in the degree of land fragmentation measured as the ratio between the number of urban land lots and total developed area.
Contrary to their total developed land findings, there is no significant effect of the regional highway density. + α 4 × 1990 ln(% of undeveloped land surrounding residential land)
My main explanatory variable is the 1990 length of the highway network (in km) and it measures the size of the network. 
Method
Under the assumption that the random element of land development is uncorrelated with transportation, I can estimate Eq. (1) by ordinary least squares (OLS). However, as I pointed out in the two previous sections, highway length is expected to be endogenous to land development because of reverse causation (e.g., land developments fostering the construction of new highways), measurement error (e.g., the stock of highways mismeasured because some may have just opened ore are about to be opened) and omitted variables (e.g., geography, amenities or economic structure leading to more highways at the beginning of the period). To address endogeneity concerns I Results in Table B .1 show that, although some individual historical instruments predict the stock of highways (first-stage), only the two combinations of (old)railroads are valid instruments: believe that these instruments are relevant and, conditional on controls, exogenous.
Do highways expand cities with new land developments?
To study the impact of highways on residential sprawl, I first investigate whether they foster new land developments increasing the residential land area (size) of the city as theory suggests. To do so, I use Eq. (1) to estimate the effect of the 1990 length (km) of highways on the 1990-2012 growth in residential land area. highway stock, the 1990 residential area and country fixed-effects, column 2 adds the 1990 fragmentation and surroundings variables, column 3 adds controls for geography, column 4 adds population, railroad and city history variables, and column 5 adds socioeconomic variables. Since descriptive results in Section 2 shows that there is some degree of regional heterogeneity both in the sprawl phenomenon and the highway network, I also explore whether highway effects are heterogeneous among European regions. To do so, columns 6-8 in Table 7 add a regional dummy and its interaction with the highway variable 7 . with the maximum length between Roman roads and 1870 railroads (columns 1-8) and when also instrumenting the interacted highway length with an interaction of the original instrument (columns 6-8). Table 7 (Table D. 1) is residential, it is not surprising that their estimated coefficients are virtually identical to those of residential in Table 7 . To study the effect of highways on firms' location and, in particular, on the sprawl of their land, I compute land variables with the industrial and commercial units land class. In terms of area, this type of land increased from 10,711 to 14,130 km 2 (32%) between 1990 and 2012. Results in Table D .2 columns 1 and 2 show that highways also expand cities in terms of industrial and commercial land. In fact, the effect seems to be higher than their residential counterparts: a 10% increase in the stock of highways causes a 1.2% growth in industrial and commercial land area. Table 7 , it seems that the transportation effect is only related to the stock of highways and not to railroads. Finally, the difference between our preferred TSLS coefficient in column 5 (0.041) and its OLS counterpart (0.005) suggests that construction of highways in Europe is endogenous. Why? It may be due to classical measurement error, but, since similar OLS-TSLS differences are found when using more modern highway variables (2000 and 2010 kilometers in Table E .1) and, in particular, when using a different measure of highways (ramps in Table C .1) or a combination of transportation networks (highways and railroads in Table F .1), I rule out this possibility.
It may also be due to a negative correlation between the initial stock of highways and the error term because of missing variables or reverse causation. Despite controlling for geography, population history, rail history, city history, socioeconomy and country-region fixed-effects, the possibility remains that the TSLS-OLS differences could be explained by a missing variable such as the local land use regulations, which could be associated with higher residential area growth and with fewer initial highways.
Alternatively, it may be that conditional on controls, less sprawled cities on average experience positive shocks to their stock of highways. Although not reported for reasons of space, first-stage results confirm this through a significant estimated coefficient of -0.337 for the log of the initial number of residential land lots.
Do highways encourage scattered or compact developments?
After establishing that highways foster new residential land developments, I now turn my attention to study their impact on the degree of residential fragmentation. To do so, I estimate Eq. (1) using the 1990-2012 growth in the number of residential land lots as dependent variable. shows that a 10% increase in the stock of highways (km) causes a 1.7% growth in the number of residential lots over 20 years. In other words, this effect implies that (1) the 1990 highway length increased the number of residential lots in 4,110 (=22,834×0.18) between 1990 and 2012 (a 58% of the total increase), and (2) ceteris paribus the 41% growth in the highway network will increase residential lots in 3,698 (=50,106 lots in 2012 × 41% highway growth × 0.18) in the next 20 years. TSLS results in columns 6-8 indicate that this effect is homogeneous among regions. Table 8 
Do highways foster developments with more undeveloped surroundings?
Now that we know that highways encourage scattered residential developments, I investigate whether highways influence the degree of undeveloped surroundings: Do highways promote residential lots that are much more isolated from other artificial lands? To answer this question, I
estimate Eq. (1) using the 1990-2012 growth in the percentage of undeveloped land surrounding residential land. 
Notes: 579 observations in each regression. Instrument selection based on First-stage and Reduced-form results for Column 5 in Table B .1. Robust standard errors clustered by country are in parentheses. a , b , and c indicates significant at 1, 5, and 10 percent level, respectively.
In contrast with descriptive evidence for residential land, Table A Despite these facts, results in Tables D.1 and D. 2 columns 5 and 6 show that highways have a non-significant effect on undeveloped surroundings for these types of land.
Robustness checks for the 2000 and 2010 highway networks are in Table E .1 columns 5 and 6.
Since their TSLS estimated coefficients are not statistically different from their 1990 counterparts in Table 9 column 4, these results also indicate that highways only increase the degree of undeveloped surroundings through the initial stock.
Finally, TSLS results in Table F .1 Panel C show significant but smaller joint effects of highways and railroads on the growth in the percentage of undeveloped land surrounding residential land.
Once again, since these TSLS results are not statistically different from their counterparts in Table   9 , I verify the effect of highways on the degree of undeveloped surroundings, but not the effect of railroads.
As a whole, these findings show that highways promote more isolated residential developments and, as a result, increase the percentage of undeveloped surroundings. While this result also applies for all developed land, I do not find a significant effect on industrial and commercial land.
What are the effects on population growth and on density conditions?
This analysis so far shows that highways foster new and fragmented residential land developments surrounded by undeveloped land. For the case of the US, Duranton and Turner (2012) show that highways cause urban growth in terms of employment and population. The questions that arise are two. Do highways also foster urban growth in Europe, in particular in terms of population? If so, what happens with the intensity of use of residential land, i.e. with city density conditions?
These two additional questions are important because, besides the 13% growth in residential land (Table 1) , European population also grew a 6%, from 484 to 513 million inhabitants (Table   10) , and, as a result, the overall residential density decreased between 1990 and 2010. Despite population growth clearly took place in cities (an 82% of the European growth), there were also important differences by regions: while Northwestern and Mediterranean LUZs were the most populated and increased their population in 15 and 9 million inhabitants (10% and 12%)
respectively, Eastern cities lost 1.3% of their population (Table 10) The above results can also be used to assess the effect of highways on residential density conditions. For the case of highway length, I compare the estimated coefficient for population in column 5 (0.03) with its counterpart for residential land in Table 7 Panel B column 5 (0.04). As theory suggests, effects on residential land are higher than on population (Duranton and Puga, 2015) . As a result, highways have a negative effect on the intensity of use of residential land. As a whole, results in previous sections and in this section confirm that highways expand cities with more fragmented residential land developments surrounded by undeveloped land and reducing the overall city density.
Conclusions
Although the first highways were built in the beginning of the 20th century and today the European highway network is highly developed and comprises more than 70,000 km, highway construction is still ongoing in Europe and a priority for the European Union, which aims to encompass 90,000 km of highways and high-quality roads by 2020 with a budget of e24 billion.
Simultaneously, sprawl has emerged in Europe and its cities. I also investigate the effect of highways on population growth and I find positive effects (0.3%).
When I compare these population effects with the above mentioned land effects, I assess a joint negative effect of highways on residential density (which decreases with an increase in the stock of highways).
At the regional level, I find some heterogeneous effects: an smaller effect on residential area in Northwestern cities, and smaller and higher effects on population in Mediterranean and Eastern
LUZs respectively.
The contributions of the paper are relevant. First, because the literature on the determinants of sprawl is still scarce and considers only one or two dimensions of sprawl. In this paper, I study the effects on three dimensions of sprawl and population (size of residential land, fragmentation, surroundings and intensity of land use). Second, because this paper is the first to center the analysis on the effect of transportation and, in particular, of highways. To do so, I address endogeneity concerns using IV techniques with instruments built on ancient (rail)roads. Finally, because this paper provides evidence that was needed for Europe and its cities.
Appendix A. Some descriptive statistics Tables 7, 8 and 9 Panel A Column 5. FS and RF dependent variables are the 1990 log of kilometers of highways and 1990-2012 ∆ln(Residential variable), respectively. 'Area' refers to square kilometers of residential land area, 'Fragm' refers to the number of residential land lots, and 'Surr' refers to the % of undeveloped land surrounding residential land. 579 observations in each regression. All regressions include control variables for the 1990 log of residential land area, the 1990 log of the number of residential lots, the 1990 log of % of undeveloped land surrounding residential land, geography, history, socioeconomy and country fixed-effects. Robust standard errors clustered by country are in parentheses. a , b , and c indicates significant at 1, 5, and 10 percent level, respectively.
Appendix C. The effect of highway ramps Notes: 579 observations in each TSLS regression. All regressions include control variables for the 1990 log of residential land area, the 1990 log of the number of residential lots, the 1990 log of % of undeveloped land surrounding residential land, geography, history, socioeconomy and country fixed-effects. Robust standard errors clustered by country are in parentheses. a , b , and c indicates significant at 1, 5, and 10 percent level, respectively. Notes: 579 observations in each TSLS regression. All regressions include control variables for the 1990 log of residential land area, the 1990 log of the number of residential lots, the 1990 log of % of undeveloped land surrounding residential land, geography, history, socioeconomy and country fixed-effects. Robust standard errors clustered by country are in parentheses. a , b , and c indicates significant at 1, 5, and 10 percent level, respectively.
Appendix E. Joint effect of 1990 highways and 1990-2000/10 improvements Notes: 579 observations in each TSLS regression. All regressions include control variables for the 1990 log of residential land area, the 1990 log of the number of residential lots, the 1990 log of % of undeveloped land surrounding residential land, geography, history, socioeconomy and country fixed-effects. Robust standard errors clustered by country are in parentheses. a , b , and c indicates significant at 1, 5, and 10 percent level, respectively.
Appendix F. Joint effect of 1990 highways and railroads Notes: 579 observations in each regression. All regressions include the above mentioned controls for geography, history, and socioeconomy, and country fixed-effects. Regressions in Columns 2, 3, and 4, and 6, 7 and 8 include a regional dummy for Mediterranean, Eastern and Northwestern cities, respectively. Robust standard errors clustered by country are in parentheses. a , b , and c indicates significant at 1, 5, and 10 percent level, respectively. respectively.
